Analysis of Phanerozoic vertebrate community richness suggests there have been constraints on tetrapod diversity dynamics over much of their evolutionary history.
MACROEVOLUTION

Reined-in richness
Analysis of Phanerozoic vertebrate community richness suggests there have been constraints on tetrapod diversity dynamics over much of their evolutionary history.
Linda C. Ivany and Jesse Czekanski-Moir I s there a limit to the number of species our planet can accommodate? If so, has it changed over life's deep history? Earlier research into the history of life's diversity found patterns of increasing richness over hundreds of millions of years, suggesting that today's global ecosystems hold more species than ever before 1, 2 . Such sustained diversification implied that evolution's potential to generate new species is boundless, accomplished through the continual expansion and subdivision of ecological niches. The trend was interrupted only by the occasional mass extinction that cleaned house, temporarily resetting the standing crop before evolution's ratchet kicked back in. In this issue of Nature Ecology & Evolution, however, Close et al. 3 report a more constrained pattern for tetrapod diversity dynamics over the last 375 million years, echoing dynamics that have also been observed in marine invertebrates 4 . The discrepancy between earlier reported patterns of diversification and more recent research can be explained by how we interpret the fossil record: a face-value reading came with the potential for large and systematic bias due to the way taxa were counted, and this could not be addressed because of the way the early databases were constructed. This uncertainty motivated the inception of the Paleobiology Database (PaleoDB; https://paleobiodb.org) at the turn of the 21st century, which records actual fossil occurrences, allowing the application of sophisticated standardisation methods that can correct for unevenness in sampling over time. The first decade of work on the more voluminous marine invertebrate fossil record made it clear that the dramatic and continuing rise in diversity towards the present uncovered in earlier studies was, in fact, largely an artefact of sampling and the methods used to count taxa 4 . Whether similar trends are observable in terrestrial diversity has been more of an open question. Tetrapod fossils are comparatively rare and often disarticulated, and thus more difficult to identify. They are also more subject to erosion, which preferentially destroys older parts of the record. Concerted efforts to populate the PaleoDB with data allowed for first-pass tabulations of tetrapod richness over time 5 , but idiosyncrasies associated with where terrestrial sediments (and fossils) happened to be preserved resulted in geographically patchy data with increasing coverage towards the present 6 , making recovered global richness patterns tenuous.
Close et al. circumvent these problems by focusing instead on local fossil assemblages, arguing that community-level richness over time also provides critical insight about whether there are limits on diversity or not. First, they consider only the most extraordinary and best-sampled assemblages, arguing that these produce the most complete picture of whole-fauna richness despite their relative scarcity. These data at face value suggest that Cenozoic (younger than 65 million years) tetrapod communities, dominated by mammals, are substantially more diverse than those from earlier times. However, the authors also document a strong increase in the quality and quantity of available fossil deposits towards the present. To test whether their pattern is simply an artefact of preservation, they compare the data to that from a null model in which collection richness does not change over time. The outcome clearly shows that pre-Cenozoic assemblages are much less diverse than one would expect if richness had not changed over time, while the Cenozoic communities are far richer. A second null model comparing pooled Cenozoic to pooled pre-Cenozoic collections matches the data well, consistent with a substantial rise in mean community richness at or near the Cretaceous-Palaeogene (K-Pg) boundary, but long stretches of relative stasis in the times before and since. This conclusion is largely mirrored in the histories of major subgroups of tetrapods: mammals and non-avian dinosaurs both show stretches of nearly 100 million years during which local richness essentially does not change. Local richness of mammal assemblages more than doubles across the K-Pg boundary, however; this is perhaps unsurprising given the wholesale reordering of terrestrial ecosystems associated with the extinction of the dinosaurs.
The authors' analysis provides strong support for a model of constrained richness in which the limits to local tetrapod community diversity have increased only once since their initial radiation roughly 300 million years ago. Like the global pattern now documented in marine invertebrates 4 , this result diverges substantially from earlier studies using raw data and bolsters conclusions from the initial attempts at a standardized curve of global tetrapod richness 5 ( Fig. 1) . Though some concerns remain about the adequacy of PaleoDB data, it now seems unlikely that the fossil record can support a model of unconstrained diversification over the history of the Phanerozoic.
These new pictures of relatively stable global and local richness over tens to hundreds of millions of years of life's history necessitate a reboot in how we think about diversity over time. Now, rather than exploring endless possibilities for how to divide up ecospace, it appears that there are constraints on the number of species that can share the planet at any given time, and that those constraints are only relaxed at times of dramatic perturbation. We must now ask how such limits come about. On ecological timescales and over relatively small areas, classical island biogeography shows that diversity equilibria can arise from a balance between immigration and extirpation 7 . One can extend this to evolutionary time and broader spatial scales by making a direct analogy to speciation and extinction. Perceived equilibria might simply be ephemera arising from chance alignment of otherwise random speciation and extinction. Or, if available niches are largely occupied, then the world is full and limits arise as a natural consequence of competition for limited resources, as laid out initially by Darwin's 'metaphor of the wedge' 8 . With an equilibrium persisting over hundreds of millions of years, the model by Close et al. eliminates the former and shows the latter to be the case for local tetrapod communities. Surprisingly, even bursts of evolutionary innovation associated with increasing disparity, such as those that characterize non-avian dinosaurs during the first half of the Mesozoic, appear not to affect the number of species that local ecosystems can support. Agreement of local with global richness patterns 5 further suggests that compositional differences among palaeoenvironments and regions over the globe have not changed appreciably, or at least directionally, over time either. Stable or significantly damped change in richness over time complements other analyses from the fossil record showing that, at these long time scales, peaks of extinction are generally followed by peaks in origination 9 . Together, these two first-order patterns provide good evidence for limits on past diversification that are imposed by competition for limited resources. 
